HED is an autosomal dominant skin disorder that is particularly common in the French Canadian population of south-west Quebec. We previously mapped the HED gene to the pericentromeric region of chromosome 13q using linkage analysis in eight French Canadian families. In this study, we extend our genetic analysis to include a multiethnic group of 29 families with 10 polymorphic markers spanning 5.1 cM in the candidate region. Two-point linkage analysis strongly suggests absence of genetic heterogeneity in HED in four families of French, Spanish, African and Malaysian origins. Multipoint linkage analysis in all 29 families generated a peak lod score of 53.5 at D13S1835 with a 1 lod unit support interval spanning 1.8 cM. Recombination mapping placed the HED gene in a 2.4 cM region flanked by D13S1828 proximally and D13S1830 distally. We next show evidence for a strong founder effect in families of French Canadian origin thereby representing the first example of a founder disease in the south-west part of the province of Quebec. Significant association was found between HED in these families and all markers analysed (Fisher's exact test, P < 0.001). Complete allelic association was detected at D13S1828, D13S1827, D13S1835, D13S141 and D13S175 (P excess = 1) spanning 1.3 cM. A major haplotype including all 10 associated alleles was present on 65% of affected chromosomes. This haplotype most likely represents the founder haplotype that introduced the HED mutation into the French Canadian population. Luria-Delbrück equations and multipoint likelihood linkage disequilibrium analysis positioned the gene at the D13S1828 locus (likely range estimate: 1.75 cM) and 0.58 cM telomeric to this marker (support interval: 3.27 cM) respectively.
Introduction
Clouston hidrotic ectodermal dysplasia (HED) is a rare form of genodermatosis transmitted as an autosomal dominant condition with complete penetrance and variable expressivity. 1 Though HED has been described in families of various ethnic origins, [2] [3] [4] [5] [6] it is particularly common in families of
French Canadian origin suggesting a founder effect for the HED mutation in this population. [7] [8] [9] Interestingly, HED occurs predominantly in south-west Quebec, a region quite distinct from the north-east part of the province where all previous founder effects have been found. The main features of HED are nail deformities frequently associated with paronychial infections, hair defects that range from brittleness and slow growth rate to partial or total alopecia, and thickening of the skin of the palms and soles that occurs in varying degrees of severity. 10 Using linkage analysis in eight French Canadian families segregating HED, the HED gene was mapped to the pericentromeric region of chromosome 13q with a two-point lod score of 8.12 at zero recombination from the marker D13S175. Haplotype analysis in this study placed the HED gene in a region spanning at least 15 cM between the centromere and the marker D13S143. 9 Later studies have confirmed linkage of HED to this region in an ethnically diverse group of families (Indian, French and Scottish-Irish), demonstrating absence of genetic heterogeneity in HED. 5, 6 As a step towards the identification of the HED gene, a radiation hybrid map of 48 loci on chromosome 13q including the HED locus was constructed and eight new polymorphic markers were isolated in the candidate region. 11 In the current study, we genotype an extended panel of 29 HED families of various ethnic origins with a set of 10 polymorphic markers to study genetic homogeneity in HED and finely map the HED gene. In addition, we present evidence for a founder effect for this disease in the French Canadian population and use linkage disequilibrium mapping to further refine the HED-containing interval.
Subjects, materials and methods

HED families
Twenty-nine families segregating HED were available for this study: 23 French Canadian, one Indian, one Scottish-Irish, one French, one Spanish, one South African and one Malaysian. They include 172 affected among a total of 287 subjects. The Indian, Scottish-Irish, and South African families have been previously described. 5, 12, 13 The French family was collected by AH in the UK; two branches of this family have been reported by Giraud et al 14 and Taylor et al. 6 The Malaysian family was described by Stevens et al. 15 The
Spanish family was collected from the United States. Pedigrees of the French, Spanish, African and Malaysian families are shown in Figure 1 . The French Canadian sample included eight families initially described, 9 two families described by
Taylor et al 6 and 13 new families. All patients presented with various degrees of nail defects, hair abnormalities and palmoplantar hyperkeratosis. In addition, the African family had abnormal cardiac findings associated with HED.
DNA and microsatellite analyses DNA extraction and genotyping were done as previously described. 9 Ten (CA) n polymorphic markers were used to genotype the HED families. They include seven new markers we have recently isolated in the candidate region, D13S1826, D13S1828, D13S1827, D13S1835, D13S1830, D13S1831 and D13S1832 11 along with D13S175, D13S141 and D13S143.
The order of these markers was obtained from the RH map we constructed in the region with 1000:1 level of significance. This order was examined by the CRI-MAP program developed by Phil Green 16 using combined data from 14 CEPH reference families and 20 HED families. The order of these markers and intermarker genetic distances in Kosambi cM are as follows: Allelic association Non-random allelic association between the markers and the HED gene in the French Canadian affected chromosomes was studied as described elsewhere. Luria-Delbrück equations for LD mapping The Luria and Delbrück derived equations were used to generate an estimate of the recombination fraction (θ) between the ten markers taken separately and the HED gene. The expected recombination fraction and likely range were calculated according to the equations presented in Hästbacka et al. 20 The HED chromosomes' population growth rate was estimated using the disease's prevalence in today's population. Based on clinical record collections covering the whole province, the number of disease chromosomes was estimated to be 300. The number of generations since the introduction of the disease chromosome was estimated to be 8, according to indications of a later introduction of the disease chromosome to the population as reported by Clouston, 8 which is also supported by the low prevalence of the disorder in the population.
Multipoint linkage disequilibrium analysis
A multipoint linkage disequilibrium analysis was performed using the DISMULT version 2.1 routine of the likelihood method developed by JD Terwilliger. 21 Ten markers were analysed simultaneously according to the map order and distances mentioned above. The minimum and maximum values for the decay was set to be from 5 to 20. The number of test points for theta in the inter-marker intervals was set to 10, and the allele frequency for the disease gene was set at 1 in 10 000 according to the estimated number of cases observed in the population.
Results
Two-point linkage analysis in the non-french canadian families
Six families of various ethnic origins -Indian, Scottish-Irish, French, Spanish, South African and Malaysian -were tested for linkage of the HED gene to 10 pericentromeric chromosome 13q markers. Linkage in the Indian and Scottish-Irish families to this region was previously demonstrated; 5, 6 this study extends the genotyping analysis of these families with seven new markers. Table 1 shows the maximum lod scores obtained with each marker. Most maximum lod scores were obtained at zero recombination from the markers analysed. Lod scores above 3.00 were obtained only with the Indian and Scottish-Irish families. However, the Malaysian family gave a maximum lod score very close to 3.00 (Z max = 2.93) with the marker D13S1835. The South African, Spanish and French families generated maximum lod scores of 2.11, 1.20 and 1.80, respectively. Since these lod scores are equal to the maximum possible lod scores those families can generate assuming 100% informativity of markers, the HED gene in these families is most probably linked to the markers analysed. Lod scores < -2.00 were obtained only in the French family with the markers D13S1832 and D13S143, indicating the presence of a recombination event with the two markers. These results suggest absence of genetic heterogeneity in HED in the multiethnic group of families analysed.
Multipoint linkage analysis
A multipoint linkage analysis was carried out to use information in all 29 HED families. Lod scores were calculated separately for the French Canadian and non French Canadian families with the corresponding estimated gene frequency and then added up. In each test run, we were able to analyse only four loci simultaneously. After covering the entire map, we repeated the analysis with the four most informative markers chosen from the runs that generated the highest lod scores. Multipoint linkage analysis using the genetic map: D13S1828-0.51 cM-D13S1835-0.81 cM-D13S175-1.1 cM-D13S1830 generated a maximum lod score of 53.5 at D13S1835. The one lod unit support interval spans 1.81 cM, 0.1 cM telomeric to D13S1828 and 0.51 cM centromeric to D13S1830. The 3 lod unit support interval only extends 0.5 cM distally (data not shown).
Recombination mapping
Haplotypes were constructed manually, assuming a minimum number of recombination events. Nine observed recombinants were detected in our families (data not shown), three of which have been previously described. Figure 2 shows the two most critical recombinations that would define the new boundaries for the HED candidate region: individuals II-5 in family A and II-4 in family B that would place the HED gene telomeric to D13S1828 and centromeric to D13S1830 respectively. The region flanked by these two markers spans 2.4 cM. Both families are of French Canadian origin and share the same haplotype except at D13S1831, D13S1832 and D13S143 indicating the presence of a historical recombinant at D13S1831. No double recombinants were identified.
Allelic association and haplotype analysis
We analysed 20 apparently unrelated French Canadian families for allelic association between HED and 10 markers in the candidate region. The results are shown in Table 2 . Significant evidence for linkage disequilibrium (LD) was found at all markers studied (P < 0.001). The strongest allelic association was detected between HED and alleles at markers D13S1828, D13S1827, D13S1835, D13S141 and D13S175. These markers had a P excess value of 1 indicating the presence of the associated alleles in 100% of affected chromosomes. While alleles 4 at D13S1827 and 2 at D13S141 are the most common alleles on the normal chromosomes (67% and 57% respectively), alleles 9 at D13S1828 and 2 at D13S175 are less common (16% and 18%, respectively). Allele 2 at D13S1835 is not present on any control chromosome presenting an almost complete disequilibrium. The allelic excess drops to 0.68 with the most telomeric marker D13S143.
The significant allelic association between HED and the markers analysed strongly supports the founder effect Table 1 Absence of genetic heterogeneity in HED Lod score at recombination fraction = 0 from marker Family origin S1826 S1828 S1827 S1835 S141 S175 S1830 S1831 S1832 S143 Table 3 . One major ancestral haplotype 1-9-4-2-2-2-6-1-4-3 was present on 17/26 (65%) of the affected chromosomes. This ancestral haplotype most likely carries the conserved HED mutation. In addition, six minor haplotypes that most likely represent historical recombinants were detected. These recombinants define a core The P value was generated using Fisher's exact test on a 2ϫ2 table;
c Pexcess = (Paffected-Pnormal)/(1-Pnormal).
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y Z Kibar et al 376 haplotype 9-4-2-2-2 at markers D13S1828, D13S1827, D13S1835, D13S175 and D13S141 that was shared by all affected chromosomes and was present on none of the control chromosomes. This core haplotype defines a 1.3-2.6 cM region that most likely harbours the HED gene.
Luria-Delbrück analysis
To further refine the position of the HED gene by LD analysis, the Luria and Delbrück derived equations 20 were applied in this study. Because this method only tests one locus at a time, we determined an overlap of the likely range estimates calculated for all markers. The smallest region of overlap was defined by the likely range of marker D13S1828, positioning the gene at marker (θ = 0) with the likely range extending over 1.75 cM, 0.03 cM centromeric to D13S1828 and 0.70 cM centromeric to D13S1830 (data not shown).
Multipoint linkage disequilibrium analysis
We next carried out multipoint linkage disequilibrium analysis using the likelihood method developed by JD Terwilliger. 21 Results of this analysis are depicted in Figure 3 .
The maximum likelihood estimate was found to be 398.84 located 0.08 cM telomeric to D13S1835 and 0.72 cM centromeric to D13S141. The calculated 13.8 unit support interval (based on 1000:1 odds) spans an interval of 3.27 cM, 1.11 cM centromeric to D13S1826 and 0.45 cM centromeric to D13S1830. The heterogeneity parameter α of the DISMULT routine was 1 for the observed maximum likelihood, and the decay parameter 6.
Discussion
Genetic homogeneity in HED was previously demonstrated in families of French Canadian, Indian and Scottish-Irish descent. 5, 6, 9 Our results extend this finding to include families of African, Spanish, French and Malaysian origins. The African family was diagnosed as having a new form of ectodermal dysplasia different from HED, based mainly on the associated abnormal cardiac findings and absence of palmoplantar keratoderma in the affected members. 13 However, our two-point analysis in this family suggests its linkage to the HED candidate region with a maximum lod score of 2.11 at zero recombination from D13S1826 and D13S1835. Consequently, we postulate that this family segregates either a new allele of the HED gene or one mutated gene responsible for this form of ectodermal dysplasia and closely linked to the HED gene or the HED gene with other defective gene responsible for the cardiac findings. As shown in Table 4 , a comparison of the affected chromosomes in the 29 families revealed seven different haplotypes. The French Canadian and Malaysian families share the same haplotype (2-2-2-6) between D13S1835 and D13S1830. To our knowledge, these families appear to be unrelated. These kindreds most likely carry distinct mutations of the HED gene, suggesting the presence of numerous ancestral mutations.
In this study, we used genetic analysis of 29 HED families with 10 polymorphic markers to narrow down the candidate interval. Recombination mapping placed the HED gene in a 2.4 cM region flanked by D13S1828 at the centromeric side and D13S1830 at the telomeric one. This region contains four cloned genes: connexin 26 (Cx 26), connexin 46 (Cx46), 22 α-tubulin TUBA2 23 and zinc finger ZNF198. 24 Cx26 was shown to be abundantly expressed in hair follicles 25 and hence was considered as a good candidate for involvement in HED. However, no pathogenic mutation specific to HED was found in the coding sequence of this gene by PCR-SSCP analysis by our group (data not shown) and by sequencing. 26 Later studies have described the presence of pathogenic mutations in Cx26 in hereditary non-syndromic sensorineural deafness. 26 Cx46 is highly expressed in the eye lens and found to be essential to its normal development. 27 Pathogenic mutations in Cx46 have been reported in patients with autosomal dominant congenital cataract making it unlikely for this gene to be involved in HED. 28 TUBA2 is an α-tubulin whose expression appears to be testis-specific and hence is considered as a poor candidate for HED. 23 ZNF198 is a novel gene with structural motifs believed to be involved in mediating homo-and heterotypic protein-protein interactions. 24 We are currently studying the possible involvement of this gene in HED.
The high frequency of HED in the French Canadian population suggests the presence of a founder effect and our linkage disequilibrium analysis in this study strongly supports this hypothesis. Given the particular population history, these findings are expected; however, the founder effect in HED is particularly interesting because of its unique origin and pattern of dissemination compared with other founder diseases studied in this population. The French Canadian population of Quebec was founded by 8 000-10 000 colonists who came mostly from the central and western provinces of France during the period 1608-1759. These early settlers 
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established themselves mainly along St Lawrence River and gradually spread towards the Bas-St-Laurent region, Gaspésie and Charlevoix. By the mid-nineteenth century, an increase in population size stimulated migration to more remote regions of Québec such as the Saguenay region and to the United States. 29 To date, most French Canadian genetic diseases described with a strong founder effect are particularly common to the Charlevoix-Saguenay region in northeast Québec and are believed to originate around 12 generations in the past. 30 On the other hand, HED is most frequent in the south-west part of the province and is believed to have been introduced later into the French Canadian population (eight or nine generations ago). Clouston who first studied the hereditary nature of HED in a large French Canadian family living in Huntingdon in the south-west part of Québec described the remarkably high frequency of this disease in this part of the province. 7, 8 In fact, most of our families originate from that region; the disease is rare in north-east Québec. D13S1830) . Because of the errorprone assumptions associated with the LD mapping methods, these results are best used in guiding our strategies in subsequent steps of positionally cloning the HED gene. Recombination mapping in this study places the HED gene in a 2.4 cM region which is still large for positional cloning efforts. Figure 4 summarises the results obtained with linkage and linkage disequilibrium analyses. As shown in this figure, Hidrotic ectodermal dysplasia (HED) Z Kibar et al y the HED gene resides most likely in the centromeric part of this region. These results will guide our strategies for physical mapping and cloning of the HED gene and we will aim at constructing a physical map around D13S1828, D13S1827, D13S1835, D13S141 and D13S175. Finer mapping of the HED gene by genetic analysis requires the collection of additional families and isolation of new polymorphic markers from the candidate region. However, it will be difficult to find more recombinants in this region because of its pericentromeric localisation.
